INTRODUCTION
Primary immunodeficiency diseases (PID) represent a heterogeneous group of inborn defects of protective immunity that result in recurrent and severe infectious complications, and, furthermore, predispose to autoimmunity, inflammation and malignancy. Most PID can be characterized by a functional impairment of the tightly regulated capacity of leukocytes to clear infections, yet some disorders are due to limited differentiation of cells of the lymphoid lineage or increased lymphocyte apoptosis [1] .
To date, more than 18 monogenetic defects have been identified that cause severe combined immunodeficiency (SCID), a paediatric emergency that originates from the life-threatening consequences of absent T cells, as well as B and natural killer cells in some patients [2] . Most newborns with SCID appear healthy at birth and remain clinically 'silent' during the first months of life until the inborn inability to develop T lymphocytes cannot be compensated by antibody-mediated maternal immunity. The most favourable overall outcome in SCID patients is achieved by curative haematopoietic stem cell transplantation (HSCT) or gene therapy, initiated before overwhelming infectious complications occur [3 & ]. The clinical severity and the associated economic burden of a delayed diagnosis, as well as the potentially fatal outcome if not treated promptly, emphasize the importance of early identification of the affected newborns.
Although SCID represents one candidate group of disorders that features a profile particularly well fitted to be included in prospective newborn screening (NBS) programmes on a population-based scale, other severe PID may also fulfil the requirements for NBS. The rationale to evaluate other PID than SCID for inclusion in NBS trials is mainly motivated by: the clinical severity of the disease following the latent stage; the existence of a therapeutic consensus, at best of curative nature; a beneficial overall prognosis if diagnosed and treated early; and the cost-effectiveness of the screening approach in consideration of the incidence and the follow-up costs of late-diagnosed patients. Of the PID putatively fulfilling those criteria, familial haemophagocytic lymphohistiocytosis and primary agammaglobulinaemias, such as Bruton's disease (X-linked agammaglobulinaemia; XLA), have already been suggested as screening candidates 
HOW TO EVALUATE DISORDERS TO BE INTRODUCED TO NEWBORN SCREENING
Mass screening of newborn infants started in the early 1960s based on a method developed by Robert Guthrie and Ada Susi [7] for the screening of phenylketonuria. Peripheral blood from a heel stick was blotted on filter paper at 2-5 days after birth, dried and sent by postal mail to centralized laboratories for analysis. Once this sampling procedure was established, new disorders were considered for NBS and it became necessary to create guidelines to help in deciding which diseases were suitable for a population-based screening. A conference arranged by the WHO, originally intended to discuss screening for cancer in adults, resulted in an article written by Wilson and Jungner [8] describing 10 criteria to be considered when a new disorder is proposed for mass screening. The addition of new diseases in neonatal screening programmes has been critically determined by the development of methods suitable for the analysis of large numbers of samples up until the mid-1990s. The technological progress since then, allowing simultaneous determination of several hundreds of metabolites in dried blood spot samples (DBSS) from filter paper, together with novel techniques for the analysis of nucleic acids (DNA and RNA), revolutionized NBS. However, with these breakthrough technologies being broadly available, the choice of disorders to be included in NBS has to be carefully scrutinized with respect to cost-benefit considerations, the patient perspectives and social acceptance. The complex of problems associated with this process is illustrated by differing decisions made in different countries.
In the USA, the congress decided in 2003 to include 29 core and 25 secondary disorders in the NBS programme, adding up to a total of 54 inborn diseases that are screened for in newborns. This decision was motivated by thorough investigations, resulting in a priority list of disorders suitable for neonatal screening [9] . In recent years, more disorders have been included in this list of recommended diseases to be screened all over the United States, one of them being SCID [10] . At the other extreme, a health technology assessment performed in Great Britain in 2004 came to the conclusion that a substantial benefit of neonatal screening, based on the multianalyte technology, could only be shown for two disorders [11] . Thus, only five disorders are currently included in the general NBS programme in Great Britain. A recent investigation of the various approaches towards NBS evaluation in different European countries illustrates the considerable heterogeneity of the included disorders, as well as the diversity of the organizational structure of the NBS programmes 
KEY POINTS
Severe primary immunodeficiencies such as SCID, XLA and familial haemophagocytic lymphohistiocytosis fulfil clinical, therapeutic, social and economic criteria that should motivate serious evaluation of these disorders for implementation in population-based NBS programmes.
The 22-item extended Wilson-Jungner framework of guidelines for mass screening provides a reliable basis for healthcare professionals, health insurers and policy makers when contemplating expansion of existing screening panels.
Implementation of SCID into regular NBS programmes is favourably judged upon the extended Wilson-Junger framework as well as the practical experience gained during the past few years in large-scale trials in the USA.
(1) The condition sought should be an important health problem. To demonstrate the practical guidance that is given by the extended Wilson-Jungner framework, a brief evaluation of two severe PID, currently not included in NBS programmes, is shown in Table 1 [5 & , [15] [16] [17] [18] , whereas the setting for SCID is discussed in more detail in the sections below.
SEVERE COMBINED IMMUNODEFICIENCY IS A LIFE-THREATENING GROUP OF DISORDERS, WHICH OUGHT TO BE INCLUDED IN NEONATAL SCREENING
SCID represent an important health problem as children born with these disorders lack cellular and, in some cases, humoral immunity and are prone to recurrent severe infections. Representing the most severe form of inherited primary immunodeficiencies, SCID is considered a life-threatening paediatric emergency. Although the condition is rare, precise estimates of its frequency based on large population studies are lacking. Early data from pilot screening programmes in the USA suggest that one in 30 000-50 000 infants may be born with SCID, whereas data from Turkey, Saudi Arabia and Kuwait indicate higher rates [19 & ]. Although incidence rates are not strictly part of the extended Wilson-Jungner evaluation framework, SCID may well be detected at frequencies similar to disorders of fatty acid or amino acid metabolism that are screened for in numerous national NBS programmes.
The benefit of a neonatal screening for SCID is best exemplified by the extremely effective treatment for SCID, with approximately 95% survival following HSCT when transplantation is performed before 3.5 months of age [20] . For some patients, gene therapy is an option when a suitable HSCT donor is not available. However, if SCID is not screened for at birth, patients will suffer from recurrent infections and the survival is severely com-
Furthermore, following onset of infectious periods, the pharmacological preparation for stem cell transplantation has to be adjusted and becomes more difficult, often resulting in less successful engraftment. Thus, early intervention not only reduces the disease-related mortality and morbidity but is also curative, in contrast to the dietary therapeutic approaches that have to be taken in the metabolic diseases currently screened for.
The heterogeneity of the molecular basis and inheritance modes of SCID has prompted the Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. establishment of a network of dedicated PID centres in recent decades. As a result of a clinical consensus, all children with SCID will be treated with HSCT or gene therapy according to agreed protocols. As with other disorders included in NBS programmes, there will be single patient cases that have to be discussed with respect to the natural history and the policy of whom to treat. The specialist centres for the diagnosis and treatment, according to current protocols that are updated regularly by the network of specialists themselves, may well serve as the required infrastructure for diagnosis and treatment in population-based NBS programmes. The confirmatory tests for SCID usually comprise differential white blood counts and lymphocyte subset enumeration by flow cytometry, which is a widely established routine method. When a preliminary diagnosis of SCID is made, the genotyping of causative mutations is both debatable for HSCT and helpful to allow genetic counselling [2] .
Most children with SCID are clinically silent during the first weeks of life (latency phase), as passively transferred maternal immunoglobulins confer a partial protection against infections [21] . However, as soon as this passive barrier wanes, the lack of endogenous immune development leads to severe infections with opportunistic, viral, fungal and bacterial pathogens. As the pathogenesis of SCID is already fully developed at birth, suitable NBS assays would allow detection of affected children. Diagnosis at birth would prevent the onset of early infections, which can otherwise lead to irreversible organ damage or premature death. Thus, NBS for SCID may well eliminate the diagnostic odyssey for patients and the family. Moreover, in a cohort study of SCID infants it was shown that approximately 35% of patients presenting acutely die at first presentation [3 & ].
There has been a long-standing search for a suitable biomarker for normal T-cell development and for methods that allow NBS for SCID [22 & ]. Newly arising technologies for quantitative DNA analysis in small blood volumes have enabled the development of a validated test that can be used for NBS of DBSS [23] . Although SCID can arise from a variety of genetic defects, there is an abnormality of T-cell development in the thymus in all cases. During normal thymic processing, T cells undergo receptor gene splicing and rearrangement, leading to intracellular accumulation of DNA by-products known as T-cell receptor excision circles (TRECs). As TRECs do not replicate in dividing cells, they are found only in naive T cells that have recently left the thymus. When used in NBS assays, TRECs offer the potential to be a surrogate marker of newborns' capability to produce T cells, which is severely hampered in SCID patients. Suitable TREC assays are based on DNA extracted from a regular dried blood spot collected at birth and can be determined either by quantitative or end-point PCR. These methods have to be newly introduced in most NBS laboratories, yet they offer the possibility to further expand screening panels by multiplexing. A severe T lymphopenia at birth is, however, not strictly disease-specific for SCID, and other disorders affecting lymphocyte maturation, such as trisomy 21 or DiGeorge syndrome, are partially identified in the TREC assay [6] . In contrast, some leaky, variant or delayed-onset forms of SCID are not detected at birth based on the TREC assay, yet the addition of other screening markers such as k-deleting recombination excision circles (KRECs) may well help to overcome the diagnostic hurdles for such cases. This is particularly true for SCID patients with hypomorphic mutations in genes of relevance for DNA repair or cellular metabolism, such as in adenosine deaminase (ADA) deficiency. The increase of toxic metabolites might well be tolerated to a certain degree by dividing T cells, whereas B cells seem to be more vulnerable for genomic stress, as exemplified by patients with delayed-onset ADA SCID [24 && ]. Ideally, a combined TREC-KREC testing strategy would be followed by second-tier tests for trisomy 21 and 22q11 microdeletion syndromes (such as DiGeorge syndrome), as depicted in Fig. 1 
A number of US states have already adopted SCID NBS, based on the TREC assay only. The success of these programmes so far has led to a nationwide recommendation of NBS for SCID by the US Department of Health and Human Services [10] . In Wisconsin, SCID NBS was initiated with a pilot trial in 2008 [19 & ]. During the past 3 years, 207 696 babies had been screened. Out of these, 72 infants were investigated clinically and 35 had SCID or another primary severe T lymphocytopenia (positive predictive value 48%). In California, more than 500 000 babies have been screened for SCID to date [22 & ]. A total of eight per 10 000 initial samples had to be retested, with the majority being preterm or term infants already medically treated. Fifty infants (one in 10 000) were recalled for clinical investigation and 20 of these were confirmed to continuously feature low T-cell numbers (positive predictive value 40%). Based on the broad experience gained with the TREC assay for SCID screening, parents or guardians can be readily supplied with adequate pretesting information regarding test characteristics, limitations of the screening and treatment risks.
The cost-effectiveness of case finding in SCID screening is likely to be economically balanced in relation to the expenditures on medical healthcare for this group of disorders altogether. As one of the most important determining factors, detection of SCID at birth allows for a child to be given a curative treatment before complications occur that often require protracted and expensive intensive care management that markedly increases healthcare costs. The rapid access to a therapeutic cure also negates the social burden, tremendous impairment in quality-of-life and the inestimable social costs associated with an undiagnosed SCID. Today, there is no published prospective study providing evidence on the cost-effectiveness of neonatal screening for SCID, yet theoretical calculations have been favourable [25,26 & ]. As the benefits of a screening programme should outweigh the harm, the life-saving nature of an NBS programme for children with SCID is unquestionably of preferential importance. As described above, the performance of the TREC assay is satisfactory for population-based screening. Considering the effects of false-positive screening results on parental stress and the parent-child relationship, a well prepared screening programme with information to the community, parents-to-be and all the medical staff involved in the diagnosis and treatment of SCID children will diminish these side effects [27] .
CONCLUSION
The development of an efficient, reasonably competitive and validated method for a populationbased SCID screening of newborns during the past few years has changed the prospect of survival towards a normal life for patients with this severe primary immunodeficiency. Despite a favourable evaluation of SCID upon screening guidelines, national implementation is pending in most countries which have a long-lasting tradition of NBS programmes. However, the paradigm of SCID screening itself will promote future research on preventive medicine for other severe primary immunodeficiencies, including, but not limited to, inherited agammaglobulinaemias and haemophagocytic syndromes. 
